We used a panel of nine lectins to detect the glycosylation patterns of rat submandibular glycoproteins. Binding of lectins was assessed on tissue sections and on Western blots of electrophoretidy separated glycoproteins from glandular extracts or sympathetic saliva. Histochemical staining of tissue sections showed that two leains (DBA and SBA) with affinity for terminal GalNAc residues were localized specifi d y to acinar cells. In contrast, LTA and UEA-I (aFucdirected) and LI;A (NeuAc-directed) bound exclusively to granular tubule cells. PNA and MPA @Gal-directed), K A (aMan-and aGk-directed), WGA (BGlcNAc-and NeuAcdirected), and sWGA (PGlcNAc-directed) bound to both acinar and granular tubule cells. On elecaoblot preparations, LFA, PNA, WGA, DBA, and SBA reacted with high molecular weight acinar mucin components both in glandular extracts and in saliva. LTA, UEA-I, LFA, PNA, MPA, LCA, * Correspondence to: Prof. J. R. Garrett, Secretory and Soft Tissue Research Unit, The Rayne Institute, KCSMD, 123 Coldharbour Lane, London SE5 9NU. UK.
Introduction
Most proteins are glycosylated. Consequently, both their intramolecular and intermolecular functions are influenced by carbohydrate components (Rademacher et al., 1988) . The glycosylation of certain salivary proteins may have fundamental importance as a primary means of defense against pathogenic microorganisms in the oral cavity (Quissell and lib&, 1989) . Therefore, it is imperative to understand the carbohydrate structure of the different secretory glycoproteiqs secreted into saliva.
Lectins are multivalent saccharide-binding proteins or glycoproteins of non-immune origin, which may agglutinate cells and precipitate glycoconjugates (Lis and Sharon, 1986 specificities for a wide range of different sugars or sugar sequences; therefore, they provide a means of identifying the structural features of carbohydrate chains of glycoproteins (Sharon and Lis, 1993; Spicer and Schulte, 1992; Spicer et al., 1983) . The application of labeled lectins in situ has provided information about the identity and distribution of specific glycoconjugates in secretory granules of various cell populations in different salivary glands (see Accili et al., 1992; Hosaka et al., 1986; Schulte, 1987; Schulte and Spicer, 1983 Yamada and Shimizu, 1979) . These studies have revealed a considerable heterogeneity in the secretory glycoconjugates present in salivary parenchymal cells.
There appear to be few published studies in which lectins have been employed in the biochemical characterization of glycoproteins in saliva. Tabak et al. (1985) used lectin-affinity chromatography to characterize purified mucin glycoproteins in glandular homogenates. Recently, a correlative study of cat submandibular gland tissues and nerve-induced saliva has demonstrated the potential of labeled lectins for recognizing and characterizing glycoproteins in small samples of saliva and for increasing understanding of mechanisms involved in their mobilization from secretory cells ZHANG, PROCTOR, GARRETI; SCHUm, SHORI (Winston et al., 1992) . In the present study we used labeled lectins with specific binding affinities to study the secretory glycoproteins in rat submandibular glands and saliva. Morphological investigations were combined with biochemical studies of electrophoretically separated glycoproteins from tissue extracts and saliva to gain information about the glycosylation of individual secretory proteins and their cellular derivations.
The secretion of saliva is controlled mainly by autonomic nerve impulses (Garrett, 1988; Emmelin, 1987) . Therefore, nerve stimulation offers an excellent procedure for stimulating the glands under precise, well-controlled conditions that produce saliva in a manner reflecting events that occur in life. It has been found that sympathetic stimulation in rats evokes a flow of submandibular saliva with a high concentration of protein and causes concomitant exocytosis from both acini and granular tubules (Garrett et al., 1991) , whereas parasympathetic nerve stimulation induces a copious secretion of saliva with a low protein concentration and no detectable evidence of exocytosis. Therefore, the saliva used in the present study was produced by stimulating the sympathetic nerve. A preliminary communication on some of this work was given at the International Congress in Maastricht .
Materials and Methods
Nerve Stimulation and Collection of Saliva and Tissue. Five male Wistar rats (King's strain) weighing 300-500 g were used. Food but not water was withheld overnight before experiments. Anesthesia was induced with pentobarbital (36 mglkg IP), followed by chloralose (80 mglkg IV) via a femoral vein. The trachea was cannulated with a polythene cannula and the right submandibular duct was cannulated with a glass cannula. The body temperature was recorded by a rectal thermometer and maintained at 38°C. The right sympathetic nerve trunk was sectioned in the neck and the peripheral stump placed in a bipolar electrode for stimulation at 50 Hz in bursts of 1 sec every 10 sec at 4 4 V with a pulse duration of 2 msec for 1 hr (as in Anderson et al., 1988) . Drops of saliva falling from the cannula were recorded manually on a pen recorder and collected into pre-weighed vials, cooled by ice, and re-weighed after stimulation, then stored at -70'C. After nerve stimulation, the stimulated right submandibular gland and the left unstimulated control gland were quickly excised and weighed. A small wedge of tissue was removed for microscopic assessment, and then the bulk was rapidly frozen by solid carbon dioxide and stored at -70°C for biochemical analysis.
Tissue procssing and section Staining. For microscopy, transvem wedges from part of each gland were fixed either in a mixture containing 3 % mercuric chloride, 1% sodium acetate, and 0.5% glutaraldehyde (buffered HgC12-glutaraldehyde) at room temperature (RT) for 4 hr (Winston et al., 1992) or in a solution of 4% formaldehyde and 7.5% sucrose in a 0.08 M cacodylate buffer, pH 7.2, at 4'C overnight. The tissues were then directly dehydrated through alcohols and embedded in paraffin.
Sections from each block that had been fixed with the formaldehyde-sucrose mixture were cut at 5 pm and stained with hematoxylin and eosin (HE) or with the Alcian blue (pH Z.S)-periodic acid-Schiff technique (AB-PAS).
For lectin staining, 5-pm sections of the tissue fixed with buffered HgCln-glutaraldehyde were deparaffinized, then rehydrated. Sections were washed in alcoholic iodide and rinsed in sodium thiosulfate to remove mercuric chloride deposits. Sections were then rinsed in 0.1 M Bis-buffered saline with 0.1% Tween 20, pH 7.5 (TTBS) for 10 min before incubating with lectins.
Biotinylated lectins ITA, UEA-I, PNA, MPA, LCA. WGA, sWGA, DBA, and SBA (full names are given in Zble 1) were obtained from Vector Laboratories (Peterborough, UK). An unlabeled LFA was obtained from Calbiochem (La Jolla, CA) (as no commercial labeled LFA was available) and conjugated to horseradish peroxidase (HRP) (Type VI: Sigma, St Louis, MO) as described by Avrameas (1969) . Lectin-biotin or lectin-HRP conjugate was diluted to 5-20 pglml in TTBS (see Table 1 ) and applied to the sections at RT. Biotinylated lectins were incubated for 30 min and then, after a 15-min wash in TTBS. sections were incubated with an avidm-biotin-HRP complex (ABC kit; Vector) for 30 min. LFA-HRP was incubated with sections for 2 hr. After a wash in TTBS, pH 7.5, for 15 min, lectin-binding sites were visualized by 0.05% 3,3'-diaminobenzidine (DAB) and 0.003% H202 in TTBS, pH 7.6, for 10 min at RT. Finally, the sections were dehydrated, cleared, and mounted with DPX.
Preparation of Glandular J2x"s. For biochemical analysis, 10% (wlv) homogenates of thawed glandular tissue were prepared in 0.1 M phosphate buffer, pH 6.0, containing 2 mM EDTA and 0.02% Triton X-100, using an IKA Ultra-Turrax disperser set at 20,000 rpm. After centrifugation at 
13
,000 x g for 20 min at 4'C, supernatants (glandular extracts) were collected and stored at -7O'C until analysis.
SDS-PAGE of Glycoproteins and " f e r to Nitrocellulose. Freshly thawed samples of saliva and tissue extracts were used. The total amount of protein in the samples was assayed with the Folin-phenol reagent as described by Petersen (1977) . A mixture of human serum albumin and y-globulin was used as a standard (Sigma). Samples were diluted to a final concentration of 1.67 mg proteinlml in 125 mM %-buffered @H 6.8) nonreducing sample medium containing 2% (w/v) SDS, 20% (v/v) glycerol, and 0.0015 % (w/v) bromophenol blue. Samples were then heated in a b o h g water bath for 3 min. Separation of proteins was achieved on a 5% spacer gel and a 10% separating gel, total size 130 x 140 x 1.5 mm, prepared by the method of Laemmli (1970) .
Sixty p1 of each diluted and heated sample (100 pg) was loaded into a spacer gel slot and electrophoresis was performed in a vertical gel apparatus (Pharmacia; Uppsala, Sweden) using a continuous buffer system [25 mM Tris, 192 mM glycine, 0.05 % (w/v) SDS, pH 8.31 at constant voltage (50 V) overnight. Pre-stained molecular weight standards (W-SDS-BLUE; Sigma) were run to allow estimations of the molecular weights of salivary glycoproteins.
After electrophoresis, proteins and glycoproteins were visualized in a number of ways. Completed gels were stained for 3 hr in 0.2% Coomassie Brilliant Blue R250 (CBB) dissolved in water:methanol:glacial acetic acid (13:5:2) with subsequent destaining with 10% acetic acid at RT. The destaining in a non-alcoholic solution allows the development of pink-staining bands representing proline-rich proteins (Humphreys-Beher and Wells, 1984) . Glycoproteins were stained with AB (pH 2.5) or the PAS reaction, with or without silver enhancement (0.2% silver nitrate for 20 min. developing in 3% sodium carbonate with 0.05% formaldehyde) as described by Jay et al. (190) . The proteolytic activity of secretory kallikreins was demonstrated as previously described (Shori et al., 1992a) . Briefly, SDS was washed out of gels by soaking in two changes of 0.1 M Trk-HC1 buffer, pH 8.0. A cellulose &acetate membrane impregnated with the fluorogenic oligopeptide substrate D-val-~u-~g-7-amino-4-~uoromethy~ coumarin was wetted in the same buffer and then placed on gel and incubated at 37°C for up to 6 min. Bands of activity were demonstrated under long-wavelength w light.
In other samples, after completion of electrophoresis, the separated glycoproteins were electroblotted (Tank blotting system; Bio-Rad; Richmond, CA) onto nitrocellulose membrane (pore size 0.45 Bm; Schleicher & Schuell; Dassel, Germany), after equilibration in a transfer buffer (pH 8.3) consisting of 25 mM %is, 192 mM glycine, 0.0375% (w/v) SDS, and 20% (v/v) methanol. Electroblotting was performed at constant voltage (100 V) with a current limit of 1.0 A for 50 min. The nitrocellulose membrane with blotted proteins was incubated in TTBS, pH 7.5, at 4'C overnight. Some transfers were then stained for proteins with a colloidal gold solution (Protogold; Bio-Cell; Cardiff, UK) and dried in air after a short wash in distilled water; others were treated as below.
Lectin Staining of Glycoproteins on Nitrocellulose Blots. The TTBSblocked blots were incubated with the lectins as used in tissue sections (see above) for 1 hr (for biotinylated lectins) or 4 hr (for LFA-HRP) at RT on a platform shaker. The blots that had been treated with biotinylated lectins were washed in TTBS and then incubated with the ABC kit as mentioned for tissue staining. All the blots were then washed in TTBS and bound lectin-avidin-biotin-HRP complex or LFA-HRP was visualized. Initially DAB was used, but subsequently the use ofluminol in an enhanced chemiluminescence (ECL) detection system (Amersham International; Poole, UK) was preferred. ECL is a light-emitting, non-radioactive photographic method which can detect immobilized specific reactive products conjugated with HRP. This procedure was carried out by following the manufacturer's instructions.
Controls for Lectin Staining. Control procedures were performed on both tissue sections and blots to verify the specificity of lectin. A solution (20.1 M) ofthe specific sugar to which the individual lettin binds was added to the lectin before its application (see Tible 1 for sugar specificities). An additional control utilized TTBS in place of the biotinylated lectin or ABC complex.
Results

Histochemical Analysis of Kssue Glycoproteins
The sugar specificity, distribution, and intensity of lectin binding in resting submandibular acini, granular tubules, and duct cells are summarized in Eble 1.
Acinar Cells. In resting rat submandibular glands, the granules in the acinar cells were basophilic ( Figure IA) and gave mixed, strong staining with AB and PAS (not shown). Acinar cells were reactive with DBA and SBA (terminal aGaINAc-directed); the staining with these two lectins was exclusive to the granules in acini and was relatively uniform, being strongest with DBA (Figure 2A ). Acinar cells also showed moderate staining by MPA (terminal PGaldirected) ( Figure ZC) , LCA (aManor aGlc-directed), WGA (PGlcNAc-and NeuAc-directed), and sWGA (PGlcNAc-directed). PNA binding (terminal PGal-directed), was seen only occasionally in some acinar cells ( Figure 3B ). In response to sympathetic nerve stimulation, acinar cells showed a reduction in size ( Figures 1B and  2D ). There was a widespread loss of lectin-positive granules from the cells and staining was condensed around lumina ( Figure 2B ) or in Golgi-like areas ( Figure 3B ). Granular Tubule Cells. In resting glands, the granular tubule cells were eosinophilic ( Figure 1A) . The granules gave pale pinkish staining with PAS (not shown) and there were scattered PAS-positive, diastase-sensitive deposits of glycogen throughout the cells. The tubule cells showed reaction with LTA and UEA-I (aFuc-directed) and LFA (NeuAc-directed). Binding of ITA ( Figure 3C ), UEA-I, and LFA was variably weak to moderate but was selective for these cells, since these lectins showed little reactivity with other structures. The tubule cells also reacted with PNA ( Figure 3A) , MPA ( Figure 2C) , LCA, WGA, and sWGA. These five lectins gave fairly strong staining of the granules in granular tubule cells and of other structures in the gland. Usually, there was some variation in the intensity of the lectin staining between adjacent cells. After sympathetic stimulation the glycogen was heavily depleted (not shown) and the area of lectin staining in granular tubule cells was diminished to various degrees. ITA ( Figure 3D ), UEA-I, LFA, PNA (Figure 3B) , MPA ( Figure 2D ), and LCA showed irregular, often extensive depletion of the periluminal granular material, but sometimes staining of other constituents in the cells obscured the extent of this depletion (e.g., Figure 3C ), and WGA showed only a slight decrease in overall cell staining.
Intercalary and Striated Duct Cells. Scattered intercalary duct cells stained weakly with PAS (not shown). Lectin staining was confined to PNA and MPA. PNA showed very strong and uniform staining in some but not all intercalary duct cells. Similarly, binding with MPA was confined to a subpopulation of cells, but the staining intensity varied from cell to cell. No differences were detected between controls and stimulated glands. The periluminal and basal areas of striated ducts stained pink with AB-PAS (not shown) and the basal staining, but not that in the periluminal zone, was abolished by pre-treatment with diastase. Fine granules in the apex of striated duct cells showed weak to moderate staining with UEA-I, LFA, PNA, MPA, LCA, WGA, and sWGA. The staining varied greatly among individual cells, and usually only certain cells showed apical binding. There appeared to be little change in binding of lectins to striated ducts after sympathetic stimulation.
LFA also showed weak binding to connective tissues, and WGA bound moderately to strongly to connective t i u e s and blood vessels.
These bands coincided with the kallikrein-like activity, detected by a substrate-impregnated overlay membrane (Figure 4) . Bands between 35-67 KD gave pinkish staining on gels with CBB and are likely to be proline-rich proteins (Humphreys-Beher and Wells, 1984) (Figure 4) . Conventional mucosubstance staining by PAS or AB demonstrated a high molecular weight mucin band (>94 KD) on gels of glandular extracts and saliva, which was strongly enhanced by the silver procedure (Figure 5) . Although fewer bands are resolved in non-reducing gels compared with gels run under reducing conditions (data not shown), non-reducing gels were used because the positions of the kallikreins were identified and so that glycoproteins consisting of two peptide chains, such as kallikreins, would remain intact and retain their carbohydrate chains.
Each of the nine lectins reacted with some of the protein bands in similar or different patterns on Western blots after SDS-PAGE (Figure 4) . The luminol-ECL method proved to be more sensitive and adaptable than the DAB substrate for detection of HRP bound to blotted glycoproteins. For example, with LTA. PNA, DBA, and
Electroblot Analysis of Saliva and Glandular Extract Glycoproteins
Protein staining, either on SDS-PAGE gels with CBB or on electroblots with gold, showed low molecular weight bands (25-35 KD) to be the principal constituents in both glandular extracts and saliva. b c a b c a b c a b c a D c a b c a b c a b c a b c  21kDm a SBA, little or no binding was observed on blots using the DAB method, but with the more flexible chemiluminescence procedure we could select different exposure times (up to 30 min) to obtain a signal for each lectin. For this reason, all the pictures provided in this report were produced using the chemiluminescence detection procedure.
At levels greater than 94 KD, LFA. PNA, WGA, DBA, and SBA bound to high molecular weight, mucin-containing bands in blots of glandular extracts and saliva, with WGA producing the strongest staining. Low molecular weight bands, around 25-35 KD, were demonstrated to different extents by LTA. UEA-I, LFA, PNA, MPA, LCA, WGA, sWGA, and DBA. In some regions, glycoprotein bands were identified only in extracts and not in saliva by different lectins, as is evident in Figure 4 . Binding intensities were generally less in extracts from stimulated glands compared with unstimulated glands, particularly with those bands that were also detected in the saliva, where they tended to show a greater intensity (Figure 4) .
It should be noted that there was little individual variation of the overall lectin-binding patterns among the animals studied, either morphologically or biochemically.
Control Procedures
Lectin staining either of tissue sections (not shown) or blots (Figure 6 ) was abolished by including lectin-specific sugars in the incubation mixtures (see Table 1 ). Omission of lectin conjugates or the avidin-biotin-HRP complex resulted in no detectable staining.
Discussion
To determine appropriate lectins for the present study, we initially assessed a battery of lectins with different specific sugar affinities on test slides of rat submandibularglands, based on rcference knowledge (Schulte, 1987; Schulte and Spicer, 1984 ; Spicer and Schulte. 1992) . The nine lectins used here were selected for their ability to distinguish the different types of cells present histochemically in the rat submandibular gland. The staining with UEA-I, LFA, PNA, LCA, DBA, and SBA (see Table 1 ) corresponded to previous studies (Schulte, 1987 ; Schulte and Spicer, 1984) . Our biochemical results, in general, were in good agreement with the histochemistry and provided further information about the carbohydrate structures of separated glycoproteins.
The results demonstrate that terminal aGalNAc residues are abundant in high molecular weight mucin secretions that derive from acinar cells and are present in both sympathetic saliva and glandular extracts. The variation in intensity and labeling between the aGalNAc-binding lectins DBA and SBA is possibly attributa- ble to fine discrepancies in their preferred sugars with regard to both penultimate sugar and anomeric configuration (Spicer and Schulte, 1992; Watanabe et al., 1981; Lotan and Nicolson, 1979; Lis and Sharon, 1973; Sharon and Lis, 1972) . However, it appears that aGalNAc represents one of the major terminal sugar residues in the mucin, as DBA showed strong binding and this is consistent with prior reports demonstrating the 0-linked glycosylation of mucins (Quissell and %bak, 1989; lib& et al., 1985;  Schulte and Spicer, 1984; Fleming et al., 1982; Keryer et al., 1973) .
Staining with LFA and WGA showed a large amount of sialic acid (NeuAc) in the high molecular weight mucins. WGA is a PGlcNac-directed lectin which can also bind to NeuAc through nonspecifc charge interactions (Spicer and Schulte, 1992; Bhavanandan and Katlic, 1979) . The binding of WGA to the high molecular weight mucin components in saliva appears to be mediated by NeuAc, as succinylated WGA (sWGA), which is only BGlcNAcdirected (Spicer and Schulte, 1992; Monsigny et al., 1980) , did not bind (data not shown). This finding is in agreement with those of %bak et al. (1985) , who were able to detect only trace amounts of GlcNAc in rat submandibular mucin, but contrasts with previous studies by Fleming et al. (1982) and Keryer et al. (1973) , who found that significant levels of BGlcNAc were present in the acinar mucin. We also found that there were small proportions of terminal BGal in the mucin of saliva samples, represented by PNA binding. It should be noted that there was no detectable staining with MPA (also BGal-binding) in the mucin region in saliva (Figure 4 ) although there was relatively strong staining of acini in sections ( Figure 2C ). Since staining did occur in this region with glandular extracts, it is inferred that most of the staining in sections is with non-secretory components rather than secretory glycoproteins.
Taken together, our findings therefore suggest that the 0-glycoside structures in rat submandibular mucins contain abundant terminal aGalNAc and NeuAc and much smaller amounts of terminal BGal. Another important point is that both our morphological and our biochemical results support the findings of others that rat submandibularmucin is not fucosylated Keryer et al., 1973) .
The kallikreins, originating from granular tubule cells, are present in the major bands between 25-35 KD, as indicated by enzymic activities (Figure 4 ) and by antibodies on Western blots (Shori et al., 1992a) . These glycoproteins were found by appropriate lectins to contain abundant aFuc, NeuAc, and terminal aGalNAc, along with small amounts of terminal BGal, both in glandular extracts and in saliva. Fucose was demonstrated by E 4 and UEA-I in two different bands that were very close to each other. PNA and MPA have a carbohydrate specificity towards terminal Gal~l,3GalNAc, but MPA also recognizes terminal GalNAca1,bGal (Spicer and Schulte, 1992; Laden et al., 1984; Sarkar et al., 1981) , which may help to explain why MPA recognized a band of higher molecular weight (30 KD) than that bound by PNA. Interestingly, the MPA binding was mainly at the periphery of the granules, which suggests that there may be some internal segregation of their constituents. LCA has its greatest affinity for the core region of biantennary oligosaccharide side chains, linked through an N-glycosidic bond to asparagine, which are rich in aMan (Damjanov, 1987; Debray et al., 1981) . Our data suggest that such structures exist in small amounts in secretory glycoproteins . An unusual biochemical result was the detection of abundant aGalNAc in low molecular weight glycoproteins by DBA, even though DBA did not bind to granular tubule cells in tissue sections. This may be due to a component arising from the acini that co-migrates with components from the granular tubules. It is also possible that in solution the binding site is free but fixation and subsequent processing may have obscured the granular tubule-reactive sites in the tissue sections, or that the component may have leaked out during histological preparation.
The saccharide structures of secretory glycoproteins in granular tubules, as identified by lectin bindings, are complex and suggest that the granular tubule secretory constituents may be glycosylated in different ways. They may contain typical 0-linked carbohydrate chains, as indicated for bands around 25 KD, with significant amounts of terminal aGalNAc and NeuAc and small amounts of the terminal disaccharide GalB1,3GalNAc. with or without aFuc. Other glycoproteins (-30 KD) may contain both 0and N-linked side chains. Recent reports have provided examples of N-linked glycoproteins that contain BGalNAc, in particular human urinary kallikrein (Takahashi et al., 1993) . However, the GalNAc we have detected with lectin probes in this study appears to be in the a-configuration. The presence of N-linked side chains in low molecular weight secretory glycoproteins is supported by our previous report in which N-glycosidase F digestion reduced the molecular weight of some granular tubular proteinase bands (Shori et al., 1992b) .
Our study has revealed that lectins have considerable potential for detecting and discriminating among secretory glycoproteins both in saliva and in resting and stimulated salivary glands. The recognition and categorization of different secretory glycoproteins and their cell type of origin, which is obtainable by lectins, reaches beyond the scope of conventional mucosubstance staining. Furthermore, lectin binding on blots from SDS-PAGE showed much stronger staining of certain bands (especially the high molecular weight mucin-containing bands) than can be obtained with conventional protein or glycoprotein staining under similar loading concentrations. Staining in the proteinase-containing region was usually more intense in saliva samples than in glandular extracts, as was similarly found in cats by Winston et al. (1992) , and probably relates to selective concentration of these components in the saliva. Some secretory protein bands that stained with Coomassie Brilliant Blue, such as those likely to be proline-rich proteins, gave little or no signal with lectins. This may be due to an absence or paucity of glycosylation or to the presence of sugar residues or sequences to which the lectins used in this study did not bind.
The movement of secretory glycoproteins from the glands into sympathetic saliva, assessed by means of lectin-binding techniques in the present study, has expanded previous information derived from the use of conventional staining and enzyme histochemistry (Garrett et al., 1991) . The morphological and biochemical results confirm that sympathetic stimulation mobilizes pre-formed secretory glycoproteins from both acini and granular tubule cells. Strong lectin staining of Golgi-like areas in acini of stimulated glands suggests that protein resynthesis and post-translational glycosylation had already begun within the stimulation period.
